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Throttling technology is a key technology for future space transportation system. One of the most important compo- 
nents of the rocket engine for thrust control is the propellant injection system. The pintle injector is one of the most promis- 
ing candidates due to its simple structure and combustion stability. However, the number of studies on the pintle injector is 
limited and detailed phenomena of the pintle injector has not been clarified. Therefore, a combustion test using an ethanol/ 
liquid oxygen rocket engine is carried out with a planar pintle injector in a rectangular combustor. Fundamental combus- 
tion characteristics such as characteristic exhaust velocity efficiency are acquired at the combustion pressure of 0.45 MPa 
and O/F=1.25 to 1.80. C* efficiency increases as the equivalence ratio increases up to unity. Flame images during com- 
bustion at 0.45 MPa and O/F=1.75 were acquired. Luminous flame was not observed in throughout all of the region 
except for the vicinity of the faceplate. However, strong luminous flame was observed at the time of ignition. The com- 
bustion chamber used in this research can simulate one of the recirculation zones observed in actual combustor with pintle- 
type injectors, which contributes to the combustion stability. However, the recirculation zone formed at the top of the 
injector is not simulated appropriately due to the existence of the lower wall of the combustor. 
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1. Introduction 


Throttling technologies are critical technologies for pro- 
pulsion systems of the orbital transfer vehicles or landers 
in planet exploration missions because such propulsion sys- 
tems are required to control the thrust level in a wide range.” 
There are technical problems to be solved including the pro- 
pellant injection system and the turbopump feed system. It is 
rather difficult to maintain adequate injection pressure during 
low thrust operation and the low injection pressure results in 
combustion oscillations. Therefore, various propellant injec- 
tion systems to achieve stable operation over a wide thrust 
level range have been developed. The pintle injector is the 
most promising injection system for deep throttling engines 
due to its simple structure and combustion stability.” The 
pintle injector is categorized as a variable injection area 
injector that can control the propellant injection area and 
throttle the thrust level, maintaining an adequate pressure 
drop at the injector by changing the injection area. An illus- 
tration of the pintle injector structure and how it operates is 
shown in Fig. 1. 

The development history of the pintle injector and its 
structure and performance characteristics have been re- 
viewed in a report.*) In the pintle-type injector, one propel- 
lant is injected axially in a flowing annular sheet through 
the gap between the injection element and flow control ring. 
Another propellant passing through the inner passage of the 
injector is injected radially from the gap between the injector 
body and the pintle tip, and fuel and oxidizer impinge near 
the injector tip. The pintle injector is a sort of impinging 
injector which atomizes propellants by the impingement of 
two fluids.” 
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Fig. 1. Pintle injector operation illustration. 
Two orifice areas can be changed using a movable pintle and orifice 
adjusting sleeve. 


One of the most distinguishing characteristics of the pintle 
injector is that all of the propellants are injected from a single 
injector element. Combustion chambers with a conventional 
injection system, such as the coaxial injector or impinging in- 
jector, have numerous injector elements. Therefore, small- 
scale combustion or cold flow tests with single injector ele- 
ment are often carried out to evaluate the performance of 
the injection system. Because of the wide usage in the pro- 
pulsion systems of launch vehicles, there are many studies 
especially on the coaxial injector. 

Flame stabilization is the most important factor for com- 
bustion stability in propellant injection system, and much 
research focusing on flame stabilization has been carried 
out. The effect of recessing the liquid oxygen (LOX) post 
on flame stabilization has been researched by Kendrick et 
al.® Singla et al. experimentally revealed that the flame of 
gaseous hydrogen (GH2)/LOX and methane (GCH,)/LOX 
coaxial injectors is stabilized near the LOX post lip using a 
planar laser induced fluorescence (PLIF) technique.® The 
combustion behavior of GCH4/LOX under transverse acous- 
tic modulation using a throat-blocking mechanism has been 
researched, and flame structure under pressure oscillating 
condition was observed by chemiluminescence.”) The igni- 
tion characteristics of GH,/LOX coaxial injector were also 
studied in detail with laser ignition technique and a high- 
speed imaging technique.® 

Regarding impinging injector, a number of studies have 
been conducted, and the fundamental mechanism of the 
atomization process” and the effect of several parameters 
have been researched. !0!”) 

Recently, new propellant injection systems have been 
proposed such as impinging injector with micro jet injec- 
tion,!™!® a gas-centered coaxial system!) and a porous injec- 
tor used in combustion test with GH2/LOX and GCH4/ 
Lox.!® 

The number of studies on the pintle injector is much lower 
than on other injectors such as the coaxial and impinging 
injectors. Pintle injector was a candidate for the injection 
system of the upgraded space shuttle orbital maneuvering 
system (OMS), and ethanol/LOX combustion test was con- 
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ducted at the NASA Johnson Space Center.'”) A parametric 
study of combustion characteristics of nontoxic hypergolic 
bipropellants with the pintle injector was carried out and, this 
research showed the performance dependency on L*, cham- 
ber diameter and pintle length.'®) 

Although, there has been some parametric research on pin- 
tle injectors, the research focused on combustion phenomena 
of the pintle injector is rather limited and the fundamental 
combustion characteristics such as flame stabilization and 
flame structure are not well known. This is due to the diffi- 
culty of observing combustion inside the chamber using pin- 
tle-type injectors under high-pressure and high-temperature 
conditions. 

For the fundamental research of rocket engine combus- 
tion, rectangular combustion chambers with single injector 
element are frequently used>**) due to the need to install ob- 
servation windows and simplify the phenomena. However, 
the combustion chamber with a pintle injector has only one 
injector element; therefore, reducting of the test scale is 
rather difficult since the injector element becomes too small. 
In additon, observation of inside of the operating combustion 
chamber with a pintle injector is rather difficult due to the 
spray structure. Austin et al. used cylindrical quartz glass 
and visualized the inside the chamber with pintle injector.'®) 
However, significant data to reveal the phenomena inside the 
chamber was not acquired, even though the wall impinge- 
ment of the spray and liquid film produced by the impinge- 
ment, which contributes to reducing the heat flux to the 
chamber wall, was observed. 

Therefore, in this research, a combustion test using a spe- 
cially designed rectangular combustion chamber simplifying 
the actual combustion chamber with a pintle injector was 
conducted to observe and clarify the fundamental combus- 
tion characteristics of a combustion chamber with a pintle 
injector. In addition, the validity of the test system was 
evaluated. 


2. Experimental Setup 


2.1. Combustion chamber and injector 

To clarify the combustion phenomena, the information in 
a cross-section is crucial and the cross-sectional data was 
usually calculated mathematically from the line of sight in- 
formation.*) In some studies, experimental setups that have 
a two-dimensional (2D) geometry are used to observe the 
cross sectional phenomena.'®) For this experiment, a 2D 
geometry setup was used since the visualization of an axi- 
symmetric chamber is rather difficult. The conceptual dia- 
gram of the 2D combustor is shown in Fig. 2. 

A combustion chamber with planar pintle injection is 
shown in Fig. 3. The flow passage isa 50mm x 50mm rec- 
tangular shape and the length of strait section is 197 mm. The 
throat height is 6.21 mm and exit height is 14mm. The noz- 
zle expansion ratio is 2.25. The chamber characteristic length 
(L*) is set to 2.0 m, based on the previous study where the L* 
of a LOX/rocket propellant 1 (RP1) rocket engine is usually 
1.0-1.2 m.2” The combustor has a step of 10 mm height near 
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Fig. 2. Actual and experimental combustion chambers with a pintle injec- 
tor. 


Fig. 3. 


Combustion chamber assembly with planar pintle injectors. 


the faceplate which simulates the pintle cross-section. Opti- 
cal windows are equipped on each side wall. The combustion 
chamber does not have any cooling system because the dura- 
tion of the combustion test is very short. 

The details of the injector section are shown in Fig. 4. 
LOX, which is injected axially from the slit, impinges on eth- 
anol injected radially from the other slit, and then they are 
atomized. Both of the slits have the same dimensions, 
0.3 x 10mm. The aspect ratio of the slits is 33.3, and it is 
assumed that the assumption of a 2D system is valid. This 
configuration simulates the atomization of liquid sheet im- 
pingement in the pintle injector, and this alignment corre- 
sponds to fuel-centered injection. The oxidizer is LOX and 
the fuel is denatured alcohol. The composition of the fuel 
is shown in Table 1. 

A hydrogen/air torch igniter was used to ignite the mix- 
ture of oxygen and fuel. Hydrogen and air flow rates were 
100 [stdL/min] corresponding to an equivalence ratio 2.4. 
Metering valves (Swagelok: M & S series) were used to 
control the flow rates. The torch igniter was ignited by a 
sparkplug. 

2.2. Propellant feed system 

A gas pressurizing feed system was used in this experi- 
ment. Fuel and oxidizer were stored in siphon-type run tank 
and they were injected by pressurizing helium gas. Propel- 
lant flow rates were controlled by changing the run tank pres- 
sure using pressure regulators. 

2.3. Measurement system 

Pressures were measured using a pressure transducer 

(Kyowa, PHL-A20MPa) and temperatures were measured 
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Fig. 4. Details of injector section. 
Static pressure hole was made on the faceplate and propellants were 
injected from 0.3mm x 10mm slits. 


Table 1. Composition of fuel (denatured ethanol). 


Name Mass fraction [%] 
Ethanol 85.5 
1-Propanol 9.6 
2-Propanol 4.9 


using K-type thermocouples. Combustion pressure was 
measured at the faceplate (see Fig. 4). Measured pressures 
and temperatures were recorded on a data logger equipped 
with signal conditioners (Kyowa, EDX-100A). The data 
sampling rate was 1 kHz. The flow rates of GH) and air for 
the torch igniter were calculated using the pressure difference 
across the metering valves and C, values. Fuel and oxidizer 
flow rates were calculated using following Eq. (1) with injec- 
tion pressures and Cy values calibrated by a water flow test. 


[2A P 
Q = CA; o 


The Reynolds number (Re) of the water flow test was 
2.7 x 10°-5.4 x 10° and Re of the hot fire test was 2 x 10°. 
Ca is assumed to be constant when the Re is sufficiently 
large?” and C4 was 0.68 for this study. Combustion behavior 
in the vicinity of the injector was observed using a digital 
camera (Casio, EX-F1) without any optical filters. The flame 
rates were 300 fps and 600 fps. 
2.4. Analysis 

In this study, characteristics exhaust velocity (C*) and C* 
efficiency were measured to evaluate the combustion per- 
formance. The definition of C* efficiency is 

Cle 


Ne 5 x 
th 


The theoretical C* was calculated using NASA’s Chemical 
Equilibrium Applications (CEA)? and experimental C* 
was calculated using the average combustion pressure, throat 
area and the average propellant flow rates. 


() 


(2) 


(3) 
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Table 2. The list of combustion test and conditions. 


Target Measured 
Test Pe Target Pe Measured 

number [MPaG] O/F [MPaG] O/F 
RUNI 0.4 2.0 — — 

RUN2 0.4 2.0 — — 

RUN3 0.4 2.0 0.35 1.80 
RUN4 0.4 1.8 0.34 1.50 
RUNS 0.4 1.6 0.33 1.41 
RUN6 0.4 1.4 0.32 1.25 
RUN7 0.4 2.0 0.35 1.68 
RUN8 0.4 2.0 0.35 1.80 
RUN9 0.4 2.0 0.35 1:75 


The liquid properties of LOX were calculated using the sub- 
routine of CEA. Here, A, is obtained using the geometric 
area of the rectangular shaped throat, which is slightly larger 
than the hydrodynamic area. It should be noted that this may 
result in the overestimation of experimental C* in this study. 
2.5. Experimental condition 

Experimental conditions were shown in Table 2. 

Nine combustion tests were conducted. RUN1 and RUN2 
were preliminary tests to establish the test sequence and op- 
timal test sequence was determined based on the results of 
these two tests. In RUN3 to RUN6, O/F was changed while 
the combustion pressure kept constant to acquire the depend- 
ency of combustion characteristics on O/F. RUN7 to RUN9 
were combustion, where optical window was installed on the 
side walls of the combustion chamber to observe the com- 
bustion behavior. 


3. Result and Discussions 


3.1. Pressure and temperature history 

Figure 5 shows the pressures and temperatures measured 
in RUN3. LOX injection was started at t = —3 and ethanol 
injection was initiated at t = 0. Soon after the ethanol injec- 
tion, combustion started and combustion pressure increased 
to the target pressure. The combustion test duration was 
3s. LOX temperature and the direct observation of LOX 
injection indicate that oxygen was injected from the slit in 
liquid form before combustion. The combustion pressures 
in all cases were lower than the target combustion pressures. 
This is due to the overestimation of the LOX density 1140 
[kg/m?] in the design phase. However, the LOX density cal- 
culated from measured pressure and temperature was 980 to 
1050 [kg/m]. Therefore, LOX mass flow rates were lower 
than the designed flow rate and the chamber pressures be- 
came lower than the target pressure. O/F was also lower than 
the target value due to the same problem. 

Figure 6 shows the variation of C* efficiency in RUN3. 
The combustion started at £ = 0.336[s] and C* efficiency be- 
fore ignition was meaningless. The combustion pressure and 
propellant injection pressure became stable after t = 1.5; 
therefore, average values were calculated from the data dur- 
ing the steady combustion phase of t = 1.5 to 3.0. 

3.2. Steady-state combustion characteristics 
Figures 7 and 8 show the results of RUN3 to RUNY. C* 
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Fig. 5. The variation of pressure and temperature in RUN3. 
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Fig. 6. The variation of C* efficiency in RUN3. 


efficiency and O/F show linear dependency and C* effi- 
ciency increases linearly as O/F increases. In this experi- 
ment, maximum C* efficiency was 85% at O/F=1.80 and 
minimum C* efficiency was 77.5% at O/F=1.25. Linear re- 
lation between O/F and C* efficiency was also seen in past 
combustion test of ethanol/LOX rocket engine with a pintle 
injector conducted at NASA Johnson Space Center.!” The 
purpose of the combustion test was to upgrade OMS of 
Space Shuttle to a non-toxic high performance propellant, 
and a swirl and pintle injector were the candidate of that pro- 
gram. 

One of the key design parameters of pintle injector is Total 
Momentum Ratio (TMR) of two fluids. The definition of 
TMR is as follows. 


(mv) oxidizer 
(MV) fuel 


TMR should be designed to be approximately 1, and TMR of 
pintle injector designed at NASA was 1.02 at the nominal 
condition O/F=1.7. For a conventional unlike doublet injec- 
tor, momentum ratio of two fluids should be unity in terms of 
mixing.” Therefore, in this experiment, it is predictable that 
C* efficiency becomes high in a low O/F condition since 
TMR was nearly 1 at the low O/F condition (see Fig. 8). 
However, the relationship between TMR and C* effi- 
ciency does not agree with the prediction. In this experimen- 
tal setup, O/F and TMR are dependent. Therefore, it is diffi- 


TMR = (4) 
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Fig. 7. C* and C* efficiency dependency on O/F. 
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Fig. 8. The relationship between TMR and C* efficiency. 
The labels indicate corresponding O/F. 


cult to distinguish the effect of TMR and the effect of O/F. 
Recently, an ethanol/LOX rocket engine was tested at JAXA 
Kakuda Space Center.” The engine tested at JAXA has a 
different injection system, which is a combination of two 
F-O-F unlike triplet injectors; C* efficiency of this engine 
showed same tendency; that is, the C* efficiency linearly in- 
crease with an increase in O/F from 1.4 to 2.2. Although the 
engine at JAXA has the different injection system, the test 
results showed the same tendency. Therefore, the effect of 
O/F on ethanol/LOX is significant, and it is presumed that 
the effect of O/F was much larger than the effect of TMR 
in this experiment. 

Flame images at Pe=0.45MPaA and O/F=1.75 
(@ = 1.19) are shown in Fig. 9. 

The LOX and fuel jet are observed, and strong emission 
can be seen downstream of impinging point. No emission 
is observed in the recirculation zone formed in the vicinity 
of the faceplate (upper recirculation zone) in Fig. 9. How- 
ever, emission can be seen in the image after 1/300s 
(Fig. 9, right); therefore, the reaction intermittently occurs 
in the recirculation zone. 

Figure 10 shows the standard deviation of the luminosity 
considering 150 flame images. In this figure, the lighter lumi- 
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Fig. 9. Visualized flame image. 
Pc = 0.45 MPa, O/F = 1.75 and TMR = 1.50. 
Right image is 1/300 s after from left image. 


Fig. 10. The standard deviation considering 150 flame images. 
Frame rate is 600 fps. 


nosity indicates the higher fluctuation of the flame emission. 
The luminous flame was observed at the edge of the flame in 
Fig. 9, left. The standard deviation in the upper recirculation 
zone and small recirculation zone, which is located in the 
down stream of the step that simulates the cross-section of 
injector body (core recirculation zone), is large. Therefore, 
unsteady combustion occurred in these recirculation zones. 

For pintle injectors, the skip distance (i.e., the distance 
from the orifice of axial injetor to the impinging point), is 
an important factor affecting the decrease in the velocity of 
axially injected fluids. The skip distance in this experiment 
corresponds to the distance between the faceplate where 
LOX is injected and the impinging point. The effect of wall 
friction is neglected for this combustor because the LOX 
flow was detached from the pintle surface. LOX density 
could be changed before it reaches the impinging point be- 
cause of the heat input from the combustoin gas. Figure 9 
shows that the LOX flow expands downstream and this 
can be due to the change in density. Therefore, it is possible 
that momentum when the propellants impinge each other was 
different from the momentum at the injectors. 

The region where the luminous flame was observed corre- 
sponds to the downstream region of the fuel injector and 
near the upper recirculation zone. In general, the upper recir- 
culation zone is filled with axially injected propellant (LOX 
in this experiment), and the core recirculation zone is radially 
injected propellant (fuel in this experiment) rich. Therefore, 
soot should be seen in the core recirculation zone, not in 
the upper region. The soot observed in this experiment seems 
to be generated in the local fuel-rich region, where the con- 
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Fig. 11. The relationship between O/F and coefficient of variance. 


centration of the fuel which penetrated the LOX jet and did 
not react with oxygen was high. The decomposed fuel flowed 
into the upper recirculation zone and reacted with oxygen 
there intermittently. The fluctuation of the luminocity in 
the visualized flame could be caused by this reaction. 

The relationship between O/F and coefficient of variance 
(CoV) of pressure and C* efficiency are shown in Fig. 11. 
CoV is a ratio of the standard deviation to average combus- 
tion pressure during steady-state combustion (t = 1.500 s to 
2.999 s). The pressure variances were less than 5% and com- 
bustion was stable. However, pressure variance increases as 
O/F decreases, and there is a possibility that combustion be- 
comes unstable in a fuel-rich condition. As O/F decreases, 
LOX momentum decreases and fuel momentum increases. 
The change in momentum ratio resulted in the increase of 
the amount of fuel that penetrated LOX flow. Therefore, 
the intermittent reaction in the upper recirculation zone be- 
came stronger in low O/F condition and the CoV of chamber 
pressure increased as O/F decreased. 

3.3. Ignition characteristics 

The combustion pressure and propellant injection pres- 
sures at the time of ignition for RUN3 are shown in 
Fig. 12. A strong peak in the combustion pressure was ob- 
served in this case. Combustion pressure oscillated for 
0.25s after the peak. Pressure oscillation during ignition 
transient phase was due to fluctuation of the fuel injection 
pressure. Fuel injection pressure started to increase after 
the signal of pressurization (t = 0.0), and it took 0.55 s for 
stable injection and combustion pressures to be achieved. 
On the other hand, the oxidizer injection pressure was in 
steady state because oxidizer injection started at t = —3. 

The relationship between O/F and peak pressure is shown 
in Fig. 13. Two start modes were observed in this experi- 
ment. One is the hard start mode (closed symbol in 
Fig. 13) and the other is the smooth start mode (open symbol 
in Fig. 13). The same ignition modes were observed in re- 
search on the ignition process of GH2/LOX sprays.®) In three 
cases of the hard start mode, there is a tendency for peak 
pressure increases as O/F decreases and equivalence ratio 
becomes high. The peak pressure at O/F = 1.4 was three 
times larger than the average pressure. These peak pressures 
at ignition were due to the position of the igniter. In this con- 
figuration, torch igniter is equipped downstream of the injec- 
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tion chamber. 


tors. In the vicinity of the torch igniter, liquid fuel and gas- 
eous oxygen were filled prior to ignition, and then flame 
propagates upstream. In the smooth start mode, no strong 
pressure peak was observed during the ignition phase. The 
relationship between O/F and start mode is still unidentified 
because two different modes were observed (see case of 
O/F = 1.8), even if the O/F of the two cases were same. 
Gurliat et al. showed the linear relationship between peak 
pressure and Weber number.®) However, total mass flow 
rates were not kept constant in their experiments, and the 
effect of the amount of the propellants could be much larger 
than the Weber number. In this experimental setup, injection 
conditions such as injection pressure and injection timing on 
ignition were not able to be controlled precisely, and these 
conditions might have had an effect on ignition mode. 
Figure 14 shows the image sequence during the ignition 
phase in RUN9, where the average combustion pressure 
was 0.42MPaA and O/F = 1.75. The ignition mode of 
RUN9 was smooth start. The image at T = 1/600s shows 
that the flame propagated from downstream where the torch 
igniter is located. The luminous flame was observed near the 
fuel injector where the fuel concentration was quite rich in 
the images, at T = 2/600s and 3/600s. In the images at 
T = 8/600s and 9/600s, the luminous flame was observed 
in the large recirculation zone. During ignition phase, lumi- 
nous flames were observed in numerous images; therefore, 
it is presumed that the O/F in the transient phase was far 
from the design condition and there was a local fuel-rich 
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Fig. 14. The flame images during ignition phase. 
Luminous flame is in the bright region. 


region. 
3.4. Validity of the experimental setup 

The flow field in the combustion chamber with a pintle in- 
jector differs from a chamber with conventional injector, and 
the structure of flow and spray are not well known. One of 
the most distinguishing features of the combustor with a pin- 
tle injector is that there are two large recirculation zones in 
the chamber. These large recirculation zones are thought to 
contribute to the good combustion stability of the pintle in- 
jector.? One of them is located in the region near the face- 
plate and relatively large (upper recirculation zone in 
Fig. 1). The other is relatively small and located downstream 
of the injector (core recirculation zone in Fig. 1). In this 
experimental setup, the upper recirculation zone seems to 
be simulated appropriately. However, the reaction in the core 
recirculation zone is not simulated accurately due to heat loss 
to the chamber lower wall. The lower wall of this combustion 
chamber does not exist in actual combustor with a pintle 
injector, and the reaction in this region can be restrained 
by the heat loss to the chamber wall. 

Visualization of the combustion chamber under hot fire 
condition succeeded, and it was confirmed that the flame 
was stabilized near the impingement point. The 2D geometry 
of the experimental setup enabled clarification of the com- 
bustion characteristics details such as flame stabilization 
and soot formation, and these knowledge will lead to im- 
proving C* efficiency and clarifying the significant factors 
for good combustion stability of the pintle injector. 


4. Conclusion 
A combustion test using an ethanol/liquid oxygen rocket 
with a planar pintle injector was conducted at Pc = 0.45 and 


O/F = 1.25 to 1.80, and following results were acquired. 
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1. C* efficiency increased as O/F increases up to the 
stoichiometric ratio. 

2. The coefficient of variance was less than 5%. How- 
ever, CoV increases as O/F decreases. 

3. Two ignition modes were observed. One of them had 
a strong pressure peak on ignition and the other had no such 
peak. 

4. Strong luminous flame was also observed during the 
ignition transition phase. 

5. A large recirculation zone was formed in the vicinity 
of the faceplate. 
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